Abstract Industrial experience and academic studies to date indicate the initial stages of the assembly process for anisotropic adhesive joints are particularly significant to the successful formation and long term performance of the completed assembly. The consistency of the process is controlled by the early stages of compression and the resulting distribution of conducting particles is affected by the adhesive resin flow in the early stages of the assembly process. The bump geometry on flip chip assemblies has been found to be critical to the success of the process as it significantly affects the early stages of the adhesive film compression. This paper describes analytical and CFD models which explore the time required to squeeze out the adhesive as a function of applied pressure, temperature ramp rate, and adhesive viscosity. The results of a study on adhesive rheology are presented and used in the flow models. The paper also explores the flow of conducting particles within the adhesive, and hence the final particle distribution underneath the flip chip. This distribution has been shown in the past to significantly affect the probabilities of shorts and opens [l].
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Anisotropic Conducting Adhesive (ACA) have been used for some time for connecting LCD drivers to IT0 on glass. The advantages offered by this method of connection are high density interconnect, a low temperature process and low cost. More recently ACAs have been used to connect flip-chips to other substrate materials, with varying degrees of success. The main driver towards the use of ACA in this area is the prospect of achieving extremely fine pitch connections at low cost. Added benefits include the elimination of w e a d solders and elimination of the post assembly cleaning stage.
In ACAs conduction between the pads on the chip, and the lands on the substrate is achieved when pressure and heat are applied to a thin film of adhesive placed between substrate and chip. The pressure causes the adhesive to flow around the pads and lands, and the thickness of the adhesive layer is reduced until contact is made between the pads, the conducting particles in the adhesive and the lands as shown in figure 1. The excess resin is squeezed out from under the chip. The adhesive can be either thermoplastic or thermosetting or a combination of the two. By modelling the initial stages of compression, the optimum combination of applied pressure, temperature and time may be found more readily for a given chip geometry, and also the expected distribution of conducting particles on, and around the pads may be predicted. In order to model the adhesive flow, analytical models have been constructed and solved numerically, and Computational Fluid Dynamics (CFD) has also been utilised.
Pressure and Heat Adhesive Chip
In order to test the analytical model it is first necessary to measure the rheological properties of the ACAs. The properties that were deemed to be most critical were viscosity versus shear rate, viscosity versus temperature and the relaxation time (viscoelastic) of the material. These properties were measured for a typical thermoplastic adhesive and the resulting model predictions were compared against the manufacturer's data sheet. The predictions of the CFD model have also been compared against video evidence of fluid flows and the results have been shown to give good qualitative agreement.
The analytical model of adhesive flow is presented first, followed by the results of the characterisation of one particular ACA. The CFD model is presented next and compared against the video evidence of fluid and particle flow, and finally the conclusions are presented.
ANALYTICAL MODEL OF FLUID FLOW
The flow of a fluid from between two flat circular disks being pressed together, in the limit that the distance between the plates (h) is much smaller than the radius of the disk (R), has been extensively studied as it is of great interest for lubrication problems. In particular we are interested in the solution for a power law fluid [21 and also the solution for a viscoelastic fluid [3, 4] . A power law fluid is one in which the shear stress ( T ) depends on the shear rate (p) in the liquid via a power law, which is a type of behaviour typical of polymer melts:-
where q o is termed the consistency and n the power law index.
For a Newtonian fluid n=l and q o becomes the viscosity of the fluid (q ); 17 is defined as follows:-Given a fluid which is sufficiently viscous to neglect inertial effects, the equation that predicts the motion of the plates as a function of time (t), in the lubrication l i t is known as the
where F is the force acting on the top disk (bottom plate held rigid), and the other parameters have been defined. This equation can be solved to find the time required to reduce the film thickness from its original value, h, , to h :-
can be used to investigate how various factors affect the time required to squeeze out the adhesive if we consider the bottom plate to be the substrate and the top plate to be the chip. One notable fact is that for a constant value of applied pressure ( F / R 2 ) , the radius of the chip has a strong effect on the squeezingtime-t m R . The Scott equation can also be used to predict the pressure distribution on the substrate and chip [61.
Chips are generally square or rectangular rather than circular and this of course will effect the squeezing time. Likewise the effect of the substrate lands (and also bumps on the flip chip if it is bumped) will not in general be negligible. However, modelling the flow around the lands (and bumps) requires CFD techniques. These issues will be discussed later.
In deriving eq.4 it has been assumed that the temperature of the adhesive is held fixed while the pressure is applied, as is usual for thermoplastics. If this is not the case and the temperature is being ramped up as is usual for thermosets, then we need to take into account the dependence of viscosity on temperature. A reasonable approximation is that, above the glass transition temperature, the viscosity depends exponentially on temperature:-
where b is a constant, T is the temperature and TI is the reference temperature at which eq. 1 is valid. We will further assume that the temperature is ramped up linearly with time:-
We can now substitute eq.6 and eq.5 into eq.3 -the consequence being that we must replace llo by qoe-bkf in eq.3. The solution of eq.3 now becomes:-
where < is given as:-
n + F ( n + 3 ) h ; + l which is just the right hand side of eq.4 again. In the limit that k + 0 , which is the limit that temperature is held constant, we see that eq.6 reduces to eq.4 as expected. However if the term b k f / n in eq.7 is large compared to 1, then the most important processing parameter is k and hence the rate at which the adhesive is squeezed out is determined primarily by the temperature ramp rate as l/k.
Thus far we have assumed that the viscoelastic nature of the adhesive can be ignored. This is a reasonable assumption if the relaxation time of the fluid ( h ) is small compared to the time the squeezing takes to be completed [3] . If this is not the case, then the effect of viscoelasticity is to increase the processing time beyond that predicted by the Scott equation. A detailed model of the fluid motion in this case can be found in [4] . The ACA which we have characterised has however been found to have a relaxation time smaller than its processing time as detailed in the next section.
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The rheological characteristics of the adhesive needed for modelling the flow of adhesive under the chip are the variation of viscosity with shear rate (which gives us q o and n in eq.l), the variation of viscosity with temperature (which gives us b in eq.5) and the relaxation time of the material, h .
The material chosen for characterisation was a thermoplastic containing 10-15% by volume of 10 micron spherical conducting particles. This material is in commercial production and use. A thermoplastic adhesive was chosen because the same sample may be repeatedly tested, while for a thermoset, all experiments would have to be designed to allow for the change in rheological properties as the material cures.
A Bohlin controlled stress rheometer was used for the rheological measurements. Parallel plate geometry was used and the measurements taken included both stress viscometry (where the bottom plate was fixed and the top plate rotated by applying specified torque) and oscillation experiments for the characterisation of linear viscoelasticity (where the top plate underwent small amplitude angular oscillations at a specified frequency). The sample thickness was 70 microns -a rule of thumb in stress viscometry is that the sample thickness should be at least 10 times the suspended particle diameter, but because the ratio is 7 in our case, the experiments were repeated with adhesive without the particles to provide a consistency check.
A typical polymer melt [5] has a power law index, n of about 0.6. However the results of the stress viscometry experiments showed that the ACA was almost Newtonian -n was found to be 0.9. q o was found to be 4.9 x 10 Pa.s" which is of a similar order of magnitude to typical polymer melts. The high value of n is probably not coincidence -during flow, the highest shear rates are found around lands and bumps, so that if the material had a low value of n, the adhesive could not produce a strong viscous drag to keep the particles on the pads. Thus one desirable characteristic of an ACA is a high power law index. The variation of viscosity with shear rate is shown in fig.2 for both the ACA and the unfilled polymer. 
Fig.2 Viscosity for ACA (line) and polymer (dash).
The similarity between the two curves suggests that the addition of the conducting particles does not alter the rheology of the adhesive very significantly in specimens of this thickness -the increase in viscosity of approximately 28% is as expected from a suspension filled with spheres to a volume fraction of 10-15% (an increase of around 2.5 times the volume fraction is typical [7] ). The effect of the particles on rheology is expected to be more pronounced for thinner films. Fig2 also shows that the fluid is approximately Newtonian up to a strain rate of 0.01s-' (strain rates over 10i' are expected during processing).
The variation of viscosity with temperature is shown in figure 3 . The gradient of this graph is given by -b/n (see eq.5) because the measurements are taken at constant stress and not constant strain rate. We thus find a value of b of 0.058. We may now rewrite eq.5 with 180°C as our reference temperature:- 0.127 cm and a loading force of 9.6N the processing time is predicted to be 17s compared to the manufacturer's recommendation of 10s. The discrepancy is probably due to not knowing the exact geometry used for producing the manufacturer's datasheet. Fig3 Viscosity vs Temperature for ACA Figure 4 shows the variation of storage modulus (G') and loss modulus ( G ) (see eg. [5] ) with frequency at 18OOC. An estimate of the relaxation time of the material can be made by finding the frequency (fl at which these two are equal and from figure 4 we see that they are close at 0.3Hz; the relaxation time is equal to 11 (27cfl which is approximately 0.5s. This is much smaller than the process time of the material at 180°C but at 22OoC the manufacturers data sheet suggests processing times of order 1s -however the relaxation time also decreases as the temperature is increased and at 2OO0C the relaxation time is approximately 0.15s so that viscoelasticity does not place severe restrictions on the processing time.
The data contained in eq.9 can now be used to predict the processing time for a given pressure and temperature. The original film thickness is 50 microns and it is reasonable to assume a final film thickness of 35 microns. If we take a chip of radius 0.5cm and a loading force of 200N, then we find from eq.4 a processing time of 163s. At 2OO0C this reduces to 4 5 , while at 22OoC the process time is 13s. At 175OC with a chip of radius of compression are complete is however vital as this distribution determines the conducting properties of the joint. An attempt has been made to predict the overall change in volume fraction before and after compression using analytical methods [8] . This work showed that the volume fraction, 4 , is expected to be, after compression, in the range 1.034 to 0.74 depending on the exact material properties and geometry.
The detailed distribution of particles around the pads must however be found using CFD and flow visualization methods. CFD can also be used to analyse the assumptions used in the analytical modelling. Using FIDAP, a commercially available CFD package, the validity of the Scott equation has been checked as a function of Rlh and it has been found that when R / h = 10 the errors are of order 1%, when R / h = 5 the errors are of order 2% and when R / h = 2.5 the errors have grown to 10% (with n close to 1). With typical flip-chip geometries the lowest value of R / h is likely to be around 25 so that there is no problem with the Scott equation, but for individual bump geometries the condition R / h > 5 is unlikely to be achieved.
Another assumption made in the analytical models is that the chip can be modelled as circular rather than square. Using CFD it is possible to check this assumption and we find that the flow patterns on the corners of the chip are significantly different from those at the midpoint of the edges. Figure 5 illustrates the flow patterns found on a 4.5mm square unbumped chip with 24 pads (pitch OS", height 30 microns) when the distance between chip and substrate is 40 microns. Figure 6 shows the effect of removing the corner pads (the half pad shown on the left of fig.5 ) and we see that this does not result in a more even distribution of fluid flows.
The lands themselves provide a pressure locking effect; for a given approach velocity of the chip onto the substrate the effects of the lands is to increase the required applied pressure by 36%. Flow visualization experiments can be used to check the accuracy of the CFD model. To observe the flow patterns directly, a glass substrate was used to simulate an unbumped chip, and a camera placed to record the movement of the adhesive between the glass and the substrate (FR4 with 30micron high copper lands). The CFD model predicts that particles should only be squeezed out from under the pads in the final stages of compression and this is observed experimentally. Furthermore particles leaving the pads from the edge nearest the edge of the chip are predicted to have a speed 4.5 times greater than those leaving the pad from the side nearest the centre of the chip; 4.0 is the ratio observed, in agreement with the prediction.
The asymmetry in the velocity field on the lands suggests that there will be fewer particles on the half of the land towards the chip edge than there are towards the chip centre. Experimentally the difference appears to be very small. On a 250 micron square pad around 130 particles were found; 2000 particles per mm2.
CONCLUSIONS
An analytical model has been built which shows how the squeezing time is affected by various process parameters and geometry. The results highlight that the chip size may have a large effect on process time. This shows that typical manufacturing process data is insufficient to determine the correct process conditions for a specific geometry. The model predictions have been shown to give reasonable agreement with experiment in one case where the adhesive rheology has been characterised and viscoelastic effects have been shown to be unimportant. It has been assumed throughout that the adhesive film height is the distance between the chip and substrate (i.e. not the distance between pads and lands); this is discussed more fully elsewhere
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A CFD model has been constructed which agrees with flow visualization experiments, and which has been used to see the effect of changing the land layout on flow patterns. The model correctly predicts the flow patterns on the lands.
